. For each of these examples, and many others, the specificity of the Ca 2+ signal is conferred by having a channel deliver Ca 2+ at a high local concentration to closely apposed target proteins. Lysosomes can also sequester Ca 2+ and they express channels, including TRPML (transient receptor potential mucolipin), TPC2 (two-pore channel 2), and ATP-regulated P2X 4 receptors, that allow Ca 2+ release (Morgan et al., 2011) . Here, too, crosstalk with the ER is important, and it is facilitated by membrane contact sites (MCSs) between lysosomes and ER, stabilized by scaffold proteins (Alpy et al., 2013; Eden, 2016; Friedman et al., 2013; Kilpatrick et al., 2017) . The cytosolic Ca 2+ signals evoked by TRPML or TPC2 can be amplified by CICR through IP 3 Rs or RyRs in closely apposed ER (Galione, 2015; Morgan et al., 2011; Patel et al., 2010) . Conversely, Ca 2+ released by ER channels can be rapidly sequestered by lysosomes. This sequestration attenuates cytosolic Ca 2+ signals evoked by IP 3 Rs (Ló pez Sanjurjo et al., 2013) and, by loading lysosomes with Ca 2+ , primes TPC2 to respond (Morgan et al., 2013) , controls fusion and fission within endolysosomal pathways (Ruas et al., 2010) , and regulates autophagy and lysosomal biogenesis through calcineurin activated by TRPML-mediated Ca 2+ release (Medina et al., 2015) . Using pharmacological inhibitors that disrupt lysosomes, perturb their morphology, or block their ability to sequester H + , we showed previously that the increase in [Ca 2+ ] c evoked by IP 3 Rs was exaggerated when lysosomes were disrupted, but SOCE-evoked Ca 2+ signals were unaffected (Ló pez Sanjurjo et al., 2013 Sanjurjo et al., , 2014 ] c to the low-affinity uptake system of lysosomes. The involvement of IP 3 Rs allows cell-surface receptors, through PLC and IP 3 , to regulate this Ca 2+ transfer and so the behavior of lysosomes. ] c evoked by CCh alone or after CcA (1 mM, 1 hr) (mean ± SEM, n = 5, each with three determinations). *p < 0.05, two-way ANOVA with Bonferroni test. (I) Results and Figure S1 demonstrate that lysosomes (LY) selectively sequester Ca 2+ released from ER through IP 3 Rs, but not Ca 2+ entering the cell through SOCE. See also Figure S1 .
RESULTS

Lysosomes Selectively Sequester Ca
mycin A (CcA), a more selective inhibitor of the V-ATPase than bafilomycin A 1 (Drö se et al., 1993) , dissipated the lysosomal pH gradient ( Figure 1A ) and modestly increased the basal [Ca 2+ ] c ( Figures 1B and 1C) . The peak increase in [Ca 2+ ] c evoked by carbachol (CCh), which stimulates IP 3 formation by activating M 3 muscarinic receptors in HEK cells, was increased by CcA ( Figures 1B and 1D) . Similar results were obtained with bafilomycin A 1 (Figures S1A and S1B) (Ló pez Sanjurjo et al., 2013) .
A small interfering RNA (siRNA) to an essential pore-forming subunit of the V-ATPase (ATP6V0C) (Forgac, 2007) reduced expression of its mRNA ( Figure 1E ). There are no reliable antibodies to determine expression of ATP6V0C protein (Mangieri et al., 2014) . Reduced expression of ATP6V0C caused lysosomes to enlarge, and it increased the pH within them, determined using LysoTracker Red ( Figure 1F ), without significantly affecting the basal [Ca 2+ ] c ( Figure 1G ). However, siRNA to ATP6V0C increased the amplitude of the CCh-evoked Ca 2+ signals to the same extent as CcA, and there was no further effect of CcA on the CCh-evoked increase in [Ca 2+ ] c after knockdown of the V-ATPase ( Figure 1H ). These results confirm that the Figure S1C ). Although the global increase in [Ca 2+ ] c resulting from thapsigargin-evoked SOCE was comparable with the increase after CCh-evoked Ca 2+ release ( Figures 1B and S1C ), SOCE signals were unaffected by CcA, bafilomycin A 1 , or knockdown of the V-ATPase (Figures S1D-S1F).
These results extend previous observations (Ló pez Sanjurjo et al., 2013) by demonstrating that dissipating the lysosomal pH gradient, using siRNA to the V-ATPase or pharmacological inhibitors, exaggerates cytosolic Ca 2+ signals evoked by IP 3 Rs, but not those evoked by SOCE ( Figure 1I ).
IP 3 Rs Selectively Deliver Ca 2+ to Lysosomes
The conclusion that Ca 2+ released from the ER is selectively accumulated by lysosomes has so far been inferred from exaggerated increases in [Ca 2+ ] c after perturbing lysosomes (Figures 1 and S1A-S1I). We attempted to provide direct evidence, free of these perturbations, using a low-affinity Ca 2+ sensor et al., 2011) targeted to the cytosolic surface of lysosomes by attaching it to LAMP1 (Ly-GG). For comparison with these measurements of [Ca 2+ ] near lysosomal membranes, we used the same sensor expressed in the cytosol (Cy-GG) to record global increases in [Ca 2+ ] c (Video S1 Figure S1G ), Ly-GG and Cy-GG selectively report local increases in [Ca 2+ ] c in HeLa cells.
Ly-GG co-localized with LAMP1-mCh (R coloc = 0.93 ± 0.02, n = 3; R coloc is Pearson's correlation coefficient) and with the lysosomal channel, TPC2-RFP (R coloc = 0.86 ± 0.09, n = 3) (Figure 2A) ] c that were larger at the lysosome surface than in bulk cytosol ( Figures 2I and 2J) . Furthermore, whereas U73122 abolished Ly-GG responses to histamine, it had no effect on responses to photolysis of ci-IP 3 ( Figures 2L, S1K , and S1L), consistent with the effects of U73122 on histamine-evoked Ca 2+ signals arising from inhibition of PLC. -free HBS (n = 59 ROIs from 4 dishes for Cy-GG and 49 tracks from 3 dishes for Ly-GG). (K) Summary results (mean ± SEM). *p < 0.05, Student's t test. (L) Effects of U73122 (10 mM, 20 min) on peak Ly-GG signals evoked by histamine (100 mM) or photolysis of ci-IP 3 . Mean ± SEM, n = 3-4. *p < 0.05, Student's t test, relative to control. See also Figure S1 and Video S1. Figure S1M ). The HEK cells used express all three IP 3 R subtypes (IP 3 R3 > IP 3 R1 > IP 3 R2) (Mataragka and Taylor, 2018) . We also used HEK cells where genes for one or two of the three IP 3 R subtypes were disrupted (Alzayady et al., 2016) to establish whether any IP 3 R subtype selectively presents Ca 2+ to lysosomes. There was no significant difference in the basal [Ca 2+ ] c between the seven cell lines examined, nor did bafilomycin A 1 affect basal [Ca 2+ ] c in any of the cells ( Figure 3A ). There were some unexpected differences in the amplitudes of the increase in [Ca 2+ ] c evoked by a maximal concentration of CCh (1 mM) between wild-type cells ( Figure S1B ) and cells lacking one or more IP 3 R subtypes, with some of the latter giving larger signals than wild-type cells ( Figures 3B-3G Figure 3H ). These results demonstrate that all three IP 3 R subtypes can deliver Ca 2+ to lysosomes.
IP 3 Rs and Lysosomes Preferentially Associate
In COS-7 cells, most lysosomes detected near the PM by total internal reflection fluorescence microscopy (TIRFM) are associated with ER, and lysosomes maintain these associations as they move (Ló pez Sanjurjo et al., 2013) . This is consistent with evidence from other cells showing that many lysosomes form dynamic MCSs with the ER (Friedman et al., 2013; Garrity et al., 2016; Kilpatrick et al., 2017) . There is a similar relationship between the ER and lysosomes in HeLa cells ( Figure 4A ; Videos S2 and S3). We used HeLa cells in which endogenous IP 3 R1 had been tagged by gene editing with EGFP (EGFP-IP 3 R1-HeLa cells) (Thillaiappan et al., 2017) to explore dynamic relationships (legend continued on next page) between lysosomes and IP 3 Rs; mTurquoise-LAMP1 and mCherry-ER were used to identify lysosomes and ER using TIRFM ( Figure 4B ; Videos S4, S5, S6, S7, and S8). Within ER membranes, native IP 3 Rs form small clusters, or puncta, that include an average of eight tetrameric IP 3 Rs (Thillaiappan et al., 2017) . Most lysosomes were mobile, but they often paused, sometimes for tens of seconds, at IP 3 R puncta ( Figure 4C ). This behavior is best illustrated as time series, or kymograms, showing the distribution of the ER, IP 3 R puncta, and lysosomes ( Figures 4D, 4E , and S2-S4). We observed examples of lysosomes dwelling at immobile IP 3 R puncta, but pausing only briefly at immediately adjacent ER ( Figures 4D, 4E , and S2D; Video S4). Some lysosomes remained with an IP 3 R punctum for tens of seconds before rapidly crossing intervening ER, and then dwelling at another immobile IP 3 R punctum (Figures S2A and S2D; Videos S4 and S5) . In other cases, an IP 3 R punctum and a lysosome collided, and the pair stayed together as they moved or parked (Figures S2B and S2C; Video S6). We also observed two lysosomes associated with the same IP 3 R punctum before one lysosome departed to associate with a different IP 3 R punctum ( Figure S3A ). Finally, we observed examples of several lysosomes visiting the same IP 3 R punctum at different times ( Figure S3B ; Video S7), and of a mobile IP 3 R punctum pausing when it collided with an almost immobile lysosome ( Figure S4 ; Video S8).
Because it was difficult to quantify the dynamic interactions between ER/IP 3 Rs and lysosomes, we used in situ proximity ligation assays (PLA) to report whether an ER (VAP-A) and a lysosomal protein (Rab7) were located within $40 nm of each other ( Figure 5A ). PLA detected many spots in HEK cells, indicative of VAP-A/Rab7 proximity, but not when either primary antibody was omitted, confirming the specificity of the PLA (Figures 5A-5C ). We obtained similar results in EGFP-IP 3 R1-HeLa cells ( Figure 5D ), where PLA reported the proximity of both VAP-A and EGFP-IP 3 R to both Rab7 and another lysosomal protein (LAMP1) (Figures 5E and 5F). Furthermore, EGFP-IP 3 R puncta and the PLA spots indicative of VAP-A/LAMP1 proximity were significantly colocalized (Manders's split coefficient, 0.70 ± 0.21, n = 18 cells, Costes's p value, 100%) ( Figure 5D ). Hence the MCSs between ER and lysosomes (revealed by the proximity of VAP-A to Rab7 or LAMP1) are populated by IP 3 R puncta. Collectively, our results suggest that lysosomes preferentially associate with regions of ER where there are IP 3 R puncta (Figures 4, 5, .
We considered whether IP 3 Rs might contribute to formation of ER-lysosome MCSs, but two lines of evidence suggest this is unlikely. First, in HEK cells with and without IP 3 Rs the association of lysosomes with ER was indistinguishable whether determined by PLA ( Figures 5B and 5C MCSs between ER and lysosomes are probably stabilized by tether proteins that may include VAP or protrudin (in ER), and STARD3, ORP1L, Rab7, TPC2, or phosphatidylinositol 3-phosphate (in lysosomes) (Kilpatrick et al., 2017; Phillips and Voeltz, 2016; Raiborg et al., 2015; Rocha et al., 2009 ). We manipulated ORP1L, which facilitates ER-lysosome contacts when cholesterol levels are low (Rocha et al., 2009) , to assess whether it contributes to assembling the MCS where the Ca 2+ exchanges occur. Expression of either ORP1L or forms expected to stabilize (DORD) or destabilize (DORDPHDPHD) ER-lysosome MCSs ( Figure S6A ) did not significantly affect potentiation of CChevoked Ca 2+ signals by CcA ( Figures S6B and S6C ). However, expression of each ORP1L protein reduced the amplitude of the CCh-evoked Ca 2+ signal ( Figure S6B ), but because this effect had no clear relationship to the expected effects of ORP1L proteins on MCS, we have not explored it further.
A Sustained Increase in Lysosomal pH Disrupts Lysosome Distribution and Ca 2+ Handling
The Ca 2+ uptake mechanism in mammalian lysosomes is unknown. It has been suggested to involve a low-affinity Ca 2+ -H + exchanger (CAX), but there is no known CAX in mammalian cells (Melchionda et al., 2016; Morgan et al., 2011) . We used the ratiometric pH indicator, dextran-conjugated fluorescein, to measure lysosomal pH (Canton and Grinstein, 2015; Johnson et al., 2016) . CcA (1 mM) caused a slow increase in lysosomal pH that reached a stable value after about 40 min ( Figures 7A and 7B ). Similar results were obtained when LysoTracker Red was used to report lysosomal pH ( Figure 7C) . In parallel analyses, we determined the effects of CcA on the Ca 2+ signals evoked by CCh. As expected, prolonged incubation with CcA exaggerated the CCh-evoked increase in [Ca 2+ ] c (Figure 7D) , consistent with normal lysosomes sequestering Ca 2+ released through IP 3 Rs ( Figure 1I) (legend continued on next page) incubation with CcA ( Figure 7D ). These results show that Ca 2+ sequestration by lysosomes persists after dissipation of the H + gradient, suggesting that compromised sequestration of the Ca 2+ released through IP 3 Rs may be a secondary consequence of the increase in lysosomal pH.
Lysosomes fuse when their pH increases (Cao et al., 2015) and the least acidic lysosomes are more peripherally located (Johnson et al., 2016) . We therefore considered whether the delayed effects of CcA on CCh-evoked Ca 2+ signals might be caused by redistribution of lysosomes. In most, although not all, HEK cells, prolonged treatment with CcA caused lysosomes to clearly redistribute from perinuclear to peripheral regions ( Figures 7E  and S7A) ; the redistribution was evident, but less striking, in the remaining cells. The same treatment caused a small, but statistically insignificant, decrease in the number of small lysosomes and a significant increase in the number of large ones ( Figures 7F and S7B ). These changes, suggesting fusion or ineffective fission of lysosomes, are similar to those evoked by knockdown of the core subunit of the V-ATPase ( Figure 1F ). Hence, prolonged dissipation of the lysosomal H + gradient causes lysosomes to enlarge and accumulate peripherally, and might thereby disrupt their interactions with IP 3 Rs and ER. Quantification of the distance between each lysosome and the nearest IP 3 R punctum confirmed that treatment with CcA increased the separation of lysosomes from native IP 3 Rs ( Figures 7G and 7H ). PLA analyses independently verified that ER-lysosome MCSs, determined by the proximity of Rab7 to VAP-A or EGFP-IP 3 R1, were disrupted by CcA ( Figures 5B, 5C , 5E, and 5F). Peripheral, less acidic lysosomes express less Rab7 (Johnson et al., 2016) , which could perturb our PLA analyses with CcA. We therefore reassessed the effects of CcA using PLA with a LAMP1 antibody to identify lysosomes. The results confirm that treatment with CcA reduces the number of ER-lysosome contacts ( Figure 5F ).
DISCUSSION
Selective Delivery of Ca 2+ to Lysosomes from ER Ca 2+ Channels Dissipating the lysosomal pH gradient using inhibitors of the V-ATPase (Ló pez Sanjurjo et al., 2013 Sanjurjo et al., , 2014 or knockdown of one of its core subunits exaggerates the cytosolic Ca 2+ signals evoked by IP 3 Rs, but not those evoked by SOCE (Figures 1  and S1 ). The effect, which is due to attenuated Ca 2+ removal from cytosol rather than enhanced release from ER (Ló pez Sanjurjo et al., 2013) , indicates that lysosomes selectively sequester Ca 2+ released from the ER ( Figure 1I ] c of resting cells by a high-affinity uptake system (SERCA) and then delivered locally through large-conductance channels (IP 3 Rs and perhaps others) at a high local concentration to a low-affinity uptake system (MCU or lysosomes) ( Figure 7I ). The ER, with its high-affinity SERCA and large-conductance Ca 2+ channels, behaves like a compressor or piston linking a low [Ca 2+ ] c to the low-affinity uptake systems of organelles ( Figure 7I ).
IP 3 Rs provide a link between extracellular stimuli and delivery of Ca 2+ to lysosomes (Figures 1, 2, 3 , and S1), but additional unidentified ER Ca 2+ channels can deliver Ca 2+ to lysosomes in unstimulated cells ( Figures 6D-6F and S5 ). We propose, in keeping with a recent report (Garrity et al., 2016) , between organelles ( Figure 7I ) (Phillips and Voeltz, 2016) . Within the endosomal pathway, MCSs with the ER become more abundant as endosomes mature and acidify, such that most late endosomes form MCSs with the ER (Friedman et al., 2013) (Figure 4A ; Videos S2 and S3). Several integral membrane components of the ER (e.g., VAP, protrudin) and endosomes (e.g., STARD3, ORP1L, Rab7, phosphatidylinositol 3-phosphate) are implicated in the formation of MCSs between the ER and late endosomes (Alpy et al., 2013; Eden, 2016; Hong et al., 2017; Phillips and Voeltz, 2016; Raiborg et al., 2015) , and both Ca 2+ signals within MCSs and functional TPC1 may be required for their maintenance (Kilpatrick et al., 2017) . The components of lysosome-ER MCSs are less defined, although it has been suggested that TPC2 may fulfill a similar role here to that suggested for TPC1 at endosome-ER MCSs (Kilpatrick et al., 2017) . Hence, although it is widely supposed that MCSs mediate exchange of, for example, Ca 2+ and cholesterol, between ER and lysosomes, the composition of these MCSs is unclear. Our analyses suggest that ORP1L is unlikely to be an essential component of the MCSs wherein Ca 2+ is delivered from the ER to lysosomes ( Figure S6 ). We confirmed that most lysosomes maintain contact with the ER, despite movements of both organelles ( Figure 4A ; Videos S2 and S3) (Ló pez Sanjurjo et al., 2013) . The association reflects close apposition of the ER and lysosome membranes ( Figure 5 ). The most persistent associations between lysosomes and the ER coincide with regions that are populated by clusters of native IP 3 Rs, and the affiliation of IP 3 Rs with lysosomes occurs at both moving and immotile contacts (Figures 4, 5D -5F, and S2-S4; Videos S4, S5, S6, S7, and S8). Although IP 3 Rs populate the Figure S7 . (G and H) Effects of CcA (1 mM, 1 hr) on the distance between each lysosome and the nearest IP 3 R punctum. Because these distances are reported as centroid-centroid separations, they can be smaller than the diffraction limit of the microscope. Results from four cells, with $20 3 20 mm analyzed in each, show each measurement and mean (line) (G) and frequency distributions (H). ***p < 0.001, two-tailed Student's t test. (I) Delivery of Ca 2+ through IP 3 Rs or unidentified ''leak channels'' into MCSs provides a low-affinity Ca 2+ uptake system in lysosomes with the high local [Ca 2+ ] required for its activity. The ER, with its high-affinity Ca 2+ pump (SERCA), accumulates Ca 2+ from the cytosol and delivers it at high local concentration to the surface of lysosomes through large-conductance IP 3 Rs. ER behaves as an ATP-powered piston to concentrate Ca 2+ around the lysosomal uptake system.
(J) Dissipating lysosomal pH gradient does not immediately prevent lysosomal Ca 2+ uptake, but slowly disrupts junctions within which it occurs.
See also Figure S7 . Figures 7A-7D) . A recent study, in which a low-affinity Ca 2+ sensor tethered to TRPML1 was used to report refilling of lysosomes, likewise concluded that treatments with bafilomycin A 1 or CcA that abolished the lysosomal pH gradient did not prevent refilling of lysosomes with Ca 2+ (Garrity et al., 2016) . Hence, and consistent with the apparent absence of CAX from mammalian cells, lysosomes can, at least acutely, accumulate Ca 2+ in the absence of a pH gradient. Why then does sustained inhibition of the V-ATPase prevent lysosomes from sequestering Ca 2+ released from the ER (Figures 1, 3 , and S1)? We suggest that this inhibition results from disruption of the contacts between ER and lysosomes. This is consistent with evidence that vacuolin, which fuses lysosomes (Huynh and Andrews, 2005) , also prevents lysosomes from sequestering Ca 2+ released from the ER (Ló pez Sanjurjo et al., 2013) . Sustained inhibition of the V-ATPase causes the fraction of the cell occupied by lysosomes to decrease by $20% (Abu-Remaileh et al., 2017), enlargement of lysosomes ( Figures 1F, 7F , and S7), redistribution of lysosomes from perinuclear to peripheral regions ( Figures  7E and S7) , and disruption of both ER-lysosome MCSs ( Figures  5B, 5C , 5E, and 5F) and the association of IP 3 Rs with lysosomes ( Figures 5D-5F , 7G, and 7H). These observations are consistent with results showing that lysosomal pH and/or local Ca 2+ signals regulate fusion and/or fission of lysosomes (Baars et al., 2007; Cao et al., 2017; Coen et al., 2012; Kilpatrick et al., 2017; Ruas et al., 2010) and their subcellular distribution (Johnson et al., 2016) . We suggest that the inability of lysosomes to sequester Ca 2+ released from ER after sustained inhibition of the V-ATPase results from a disruption of the MCSs where Ca 2+ transfer occurs between lysosomes and ER ( Figure 7J ). Our evidence that CcA increases the separation of lysosomes and native IP 3 Rs supports this suggestion ( Figures 5D-5F , 7G, and 7H). We have not determined whether all Ca 2+ uptake by lysosomes occurs at these MCSs, but others have suggested that IP 3 R-mediated transfer from the ER is the only means by which lysosomes sequester Ca 2+ (Garrity et al., 2016) . We suggest that MCSs between ER and lysosomes are populated by clusters of IP 3 Rs, poised to deliver Ca 2+ at high local concentrations to a low-affinity, but as yet unidentified, lysosomal Ca 2+ uptake mechanism (Figures 7I). Because the distribution of lysosomes and their association with ER are regulated by amino acids (Hong et al., 2017) , it is likely that dynamic regulation of ER-lysosome MCSs also regulates lysosomal Ca 2+ uptake.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS Cell Culture and Transfection
The methods used to establish EGFP-IP 3 R1-HeLa cells, in which all endogenous IP 3 R1 are N-terminally tagged with monomeric EGFP have been fully described (Thillaiappan et al., 2017) . In brief, we used gene-editing with transcription activator-like effector nucleases (TALENs) to modify both copies of the IP 3 R1 gene. Sequencing alongside functional and optical microscopy analyses, confirmed both the selectivity of the editing and that the edited IP 3 Rs form functional Ca 2+ release channels (Thillaiappan et al., 2017) . HEK cells, in which CRISPR/Cas9 was used to delete one or more IP 3 R subtypes, were generated by Dr David Yule's laboratory (University of Rochester, NY) (Alzayady et al., 2016) and supplied by Kerafast. HAP1 cells, genetically engineered using CRISPR/Cas9 to disrupt genes for all three IP 3 R subtypes, were developed in collaboration with Horizon Discovery (Cambridge, UK). Short tandem repeat profiling was used to authenticate the HeLa cells used (Eurofins, Germany) and the HEK cells lacking all three IP 3 R subtypes (Public Health England). We have not confirmed the authenticity of the HAP1 cell lines. Regular screening throughout the study established that all cell lines were free of mycoplasma.
HeLa and HEK293 cell lines were cultured in Dulbecco's Modified Eagles Medium (DMEM)/F-12 with GlutaMAX supplemented with fetal bovine serum (FBS, 10%). HAP1 cells were cultured in Iscove's Modified Dulbecco's Medium (IMDM) GlutaMAX with 10% FBS. All cells were maintained at 37 C in humidified air with 5% CO 2 , and passaged every 3-4 days using TrypLE Express. For imaging, cells were grown on 35-mm glass-bottomed dishes (#P35G-1.0-14-C, MatTek Corporation, Ashland, MA, USA; or D35-14-1-N, IBL Baustoff+Labor, Austria) coated with human fibronectin (10 mg/ml). Cells were transfected with plasmids encoding Ca 2+ indicators (Ly-GG or Cy-GG) or tagged proteins according to the manufacturer's instructions using TransIT-LT1 reagent (1 mg DNA/2.5 ml reagent). For siRNA transfections, cells were plated in clear-bottomed 96-well plates (Greiner Bio-One, Stonehouse, UK) coated with poly-L-lysine (0.01% w/v). After 24 hr, cells were transfected with Silencer TM siRNA (40 nM) directed against ATP6V0C or a non-silencing control siRNA using siPORT NeoFX transfection reagent (220 ng siRNA/ml reagent). Experiments were performed 48-72 hr after transfection. The same methods were used for transfection with siRNA directed against human ORP1L (Alpy et al., 2013) ( Figure S6 ).
METHOD DETAILS Plasmids
The genetically-encoded, low-affinity Ca 2+ sensor G-GECO1.2 (equilibrium dissociation constant for Ca 2+ , K Ca D = 1.2 mM) (Zhao et al., 2011) was used to record [Ca 2+ ] c . The initial templates for cloning of a low-affinity Ca 2+ sensor targeted to the cytosolic surface of the lysosomal membrane (Ly-GG) were LAMP1-mCherry and cytosolic G-GECO1.2. A HindIII recognition site was inserted at the 5 0 end of LAMP1-mCherry using primer LAMP1F (the sequences of all primers used and their codes are provided in Table S1 ). LAMP1-mCherry has a pre-existing BamHI site. Primers LAMP1F and LAMP1R were used to amplify the LAMP1 sequence from LAMP1-mCherry using PCR. The LAMP1 PCR product was digested with HindIII and BamHI. A BamHI site was introduced in-frame with the 5 0 end of G-GECO1.2 by PCR using primer G-GECO1.2F, and an EcoRI site was introduced at the 3 0 end of G-GECO1.2 using primer G-GECO1.2R. The product was then digested with BamHI and EcoRI. The LAMP1-G-GECO1.2 construct was assembled in the pcDNA3.1(+) expression vector. pcDNA3(+) was digested with HindIII and EcoRI overnight to create sticky ends suitable for ligation with the LAMP1 and G-GECO1.2 fragments. The digested LAMP1, G-GECO1.2 and pcDNA3.1(+) were ligated using T4 DNA ligase according to the manufacturer's protocol. The complete coding sequence of LAMP1-G-GECO1.2 was verified using the following primers: LAMP1SeqF1, LAMP1SeqF2, T7 promoterF, G-GECO1.2SeqM and GGECO1.2SeqE (Table S1 ). Sequencing data were analyzed using BioEdit software, and alignments were carried out using Clustal Omega. The cytosolic and lysosome-targeted G-GECO1.2 s are described as Cy-GG and Ly-GG in the text. Plasmids encoding TPC2-mRFP and TPC2-GFP (Brailoiu et al., 2009) C in HEPES-buffered saline (HBS, 100 ml) containing fluo 8-AM (2 mM) and 0.02% Pluronic F-127. Cells were then washed and incubated in HBS for 1 h at 20 C to allow de-esterification of fluo 8-AM. HBS had the following composition: 135 mM NaCl, 5.9 mM KCl, 1.2 mM MgCl 2 , 1.5 mM CaCl 2 , 11.5 mM D -glucose, 11.6 mM HEPES, pH 7.3. CaCl 2 was omitted from nominally Ca 2+ -free HBS. In some experiments, BAPTA (final concentration 2.5 mM) was added to HBS immediately before stimulation to reduce the free [Ca 2+ ] of the HBS to < 20 nM. Fluorescence was recorded using a FlexStation III fluorescence plate-reader (Molecular Devices, Sunnyvale, CA, USA) (Ló pez Sanjurjo et al., 2013) . Fluorescence was recorded at 1.44-s intervals, with excitation at 485 nm and emission at 525 nm. Data were collected and analyzed using SoftMax Pro software. Maximal (F max ) and minimal (F min ) fluorescence values were determined from parallel wells after addition of Triton X-100 (0.1%) to lyse cells in the presence of either 10 mM CaCl 2 (F max ) or 10 mM BAPTA (F min ). Fluorescence values (F) were calibrated to [Ca 2+ ] c using a K D = 389 nM from:
IP 3 -evoked Ca 2+ release from saponin-permeabilized HAP1 cells was measured in cytosol-like medium (CLM) using a low-affinity Ca 2+ indicator (Mag-fluo 4) trapped within the ER, as previously described for other cell types (Tovey et al., 2006) . Briefly, cells were loaded with the indicator by incubation with 20 mM Mag-fluo 4-AM in HBS containing BSA (1 mg/ml) and pluronic acid (0.02%, v/v). After 1 hr at 20 C, cells were resuspended in Ca 2+ -free CLM, which had the following composition: 140 mM KCl, 20 mM NaCl, 1 mM EGTA, 2 mM MgCl 2 and 20 mM PIPES, pH 7.0. The plasma membrane was then permeabilized by incubation with saponin (10 mg/ml, 2-3 min, 37 C). Cells were recovered (600 xg, 2 min), re-suspended ($10 7 cells/ml) in Mg
2+
-free CLM, distributed (45 ml/well) into black half-area 96-well plates and centrifuged (300 xg, 2 min). Mag-fluo 4 fluorescence (excitation at 485 nm, emission at 525 nm) was recorded at 1.44-s intervals at 20 C using a FlexStation III fluorescence plate-reader. . For all multi-color imaging, we confirmed that there was no bleedthrough between channels. For TIRFM, the penetration depth was 90-140 nm. The iLas 2 illumination system was used for TIRFM and wide-field imaging. Bright-field images were acquired using a Cairn MonoLED illuminator. All fluorescence images were corrected for background by subtraction of fluorescence collected from a region outside the cell. Image capture and processing used MetaMorph Microscopy Automation and Image Analysis software.
For colocalization analyses, we used either Pearson's correlation coefficient (R coloc ) for comparisons of fluorophores in every pixel, or Manders' split coefficient to identify the fraction of PLA spots that colocalized with EGFP-IP 3 R1 ( Figure 5D ). We confirmed, using the Costes randomization method with 100 iterations and ignoring pixels in which there was no fluorescence (Costes et al., 2004) , that any colocalization was more than expected from randomly distributed fluorophores (ImageJ Colocalization Analysis/Colocalization Test). R coloc was calculated from all pixels within the region of interest (ROI) that exceeded a threshold value (ImageJ Colocalization Analysis/Colocalization Threshold):
where, Gi and Ri are the intensities of individual green and red pixels respectively, and Gm and Rm are the mean intensities of green and red pixels.
To measure center-center distances between each lysosome (mTurquoise-LAMP1) and the nearest EGFP-IP 3 R1 punctum ( Figures 7G and 7H ), images were Gaussian-filtered to remove noise, and then analyzed using the ImageJ Distance Analysis plug-in (DiAna) (Gilles et al., 2017) .
Measurement of Near-Lysosome Ca 2+ Signals
HeLa cells transfected with Ly-GG were washed three times in HBS, and Ly-GG fluorescence (excitation at 488 nm, emission at 525 nm) was imaged using wide-field fluorescence microscopy (1 frame/s) at 20 C. After background correction, the Ly-GG fluorescence associated with single lysosomes was measured using single-particle tracking with the MetaMorph Track Objects plugin (Meijering et al., 2012) . A template-match algorithm was used to connect tracks between successive frames. Tracks that terminated before completion of the recording (240 s for cells stimulated with histamine; 1330 s for analyses of SOCE) were excluded from the analysis. In parallel analyses of HeLa cells expressing Cy-GG, ROIs similar in dimensions to tracked lysosomes (radius $1.6 mm) were selected for analysis.
Photolysis of Caged-IP 3
HeLa cells grown on fibronectin-coated glass-bottomed dishes were first transfected with Ly-GG or Cy-GG (1 mg/ml, 24 hr), then loaded with ci-IP 3 /PM (1 mM, 50 min) (Dakin and Li, 2007) . After washing and incubation in HBS for a further 45 min, cells were imaged (20 C) using an inverted Olympus IX83 microscope equipped with a 100x objective. Ly-GG fluorescence was recorded in widefield (488 nm excitation, 525/50 nm emission). Cells were imaged for 50 s before photolysis of ci-IP 3 using a SPECTRA X-light engine (Lumencor, 395/20 excitation, exposure time 50 ms/frame for 10 frames). Images were acquired at 50-ms intervals with an iXon Ultra 897 EMCCD camera, corrected for background fluorescence, and analyzed using MetaMorph. Ly-GG was tracked to determine Ca 2+ signals around single lysosomes. Photolysis of ci-IP 3 releases an active, but more metabolically stable, analog of IP 3 (i-IP 3 , in which the 2-and 3-hydroxyls are linked by an isopropylidene group) (Dakin and Li, 2007) .
Measurement of Lysosomal pH
The pH within lysosomes was measured from defined ROI within single cells using a dextran-conjugated ratiometric pH indicator, fluorescein-dextran, loaded into lysosomes by endoytosis. Cells were incubated with fluorescein-dextran (10-kDa, 0.2 mg/ml) for 16 hr, followed by a 4-hr chase in DMEM F12 at 37 C. The cells were then washed 3 times with HBS, and imaged immediately with alternating excitation/emission (F 425 : l ex = 425 nm, l em = 480 nm. F 488 : l ex = 488 nm, l em = 525 nm). Images were collected for 100 ms, with 5 min between each round of data acquisition. After background subtraction, ROIs were drawn around lysosome clusters and fluorescence ratios (R, which increases with increased pH) were calculated from F 488 /F 425 at each time. Results are presented as R/R 0 , where R 0 is the fluorescence ratio recorded before stimulation.
For experiments with LysoTracker Red, cells were loaded with 50 nM LysoTracker Red DND-99 for 1 hr, washed 3 times with HBS, and imaged immediately with excitation and emission at 561 nm and 630 nm, respectively.
Measurement of Lysosome Size
Lysosome size was measured in HEK cells using either LAMP1-mCherry ( Figures 7E and 7F) or endocytosed Alexa Fluor 488-dextran (10,000, MW) ( Figure S7 ) to identify lysosomes. After application of a threshold (ImageJ Threshold), particles were accepted for analysis if they had a circularity value (4.p.area/circumference 2 ) of 0.6-1.0. The circularity criterion ensured that only roughly circular particles were selected for analysis (Grossi et al., 2016) . Visual inspection of images before and after application of the selection criteria confirmed that most lysosomes were included in the final analysis. We use the Feret diameter to report lysosome size, which is the maximum distance between two points on the perimeter of the particle (ImageJ Analyze Particles) (Ferraro et al., 2014) .
Quantitative PCR QPCR was carried out as previously described (Tovey et al., 2008) . cDNA was synthesized in a final volume of 20 ml from a lysate prepared from confluent cells in 1 well of a 96-well plate, using a FastLane cell cDNA kit. For QPCR, each reaction included primers for ATP6V0C and, for calibration, primers for a housekeeping gene (glyceraldehyde phosphate dehydrogenase, GAPDH). Each reaction (20 ml) included Rotor-Gene SYBR Green PCR master mix (10 ml), cDNA (5 ml), Quantitect primer assay (2 ml) and RNAase-free water (3 ml). In two negative controls, the primers were omitted during QPCR, or the reverse transcriptase was omitted during cDNA synthesis. For QPCR (Rotor-Gene 6000, Corbett Life Sciences), an initial denaturation at 95 C for 5 min was followed by 40 cycles of amplification (93 C for 5 s, 60 C for 10 s) and then a melting curve (72 C to 95 C). Expression of mRNA relative to that for GAPDH was calculated from:
E is the amplification efficiency, calculated as 10 m , where m is the average fluorescence increase for the four cycles after the cycle threshold (C T ) for the indicated PCR product. Results are reported as mean ± SD for cDNA samples independently isolated from 3 different experiments.
QUANTIFICATION AND STATISTICAL ANALYSIS
We did not use power analyses to determine sample sizes. In all assays using multi-well plates, the positions of treatments were varied to avoid place-dependent systematic errors. All statistical analyses used Prism, version 5. For analyses of concentration-effect relationships, non-linear curve-fitting to a Hill equation was used to provide values for pEC 50 (-log of the half-maximally effective concentration) and maximal response for each individual experiment. The individually determined pEC 50 values were then pooled for statistical analysis.
All results are presented as mean ± SD or SEM, as appropriate. Student's t test (for 2 variables), and one-way or two-way ANOVA with Tukey's multiple comparison test or Bonferroni post hoc test (more than 2 variables) were used for statistical analyses. The Kolmogorov-Smirnov normality test was used to determine whether frequency distributions deviated from normality (p < 0.05) ( Figures 2F and 2G ). Sample sizes (n) refer to independent experiments. p < 0.05 was considered significant. The tests used are reported in the figure legends.
